An experiment to measure heat flow in the vicinity of major strike-slip faults was begun in 1965, since near seismically active faults a significant amount of strain energy might be converted to heat by means of dissipative processes operating during fault slippage. Calculations based on the Gutenberg-Richter seismic energyearthquake magnitude relation and the probable occurrence of two 8-magnitude earthquakes per century along the length of the San Andreas fault suggested that if the amount of energy converted to heat was at least as great as that appearing as seismic waves [Bullard, 1954] , and depending on fault geometry, a measurable heatflow anomaly could exist near the trace of a major fault. The existence or nonexistence of a measurable heat-flow anomaly associated with large faults permits limits to be set on the average frictional stresses acting across fault planes 7924 
. This result, together with earthquake energy-magnitude relations, can provide information regarding the efficiency of seismicwave generation [King and Knopoff, 1968] .
The field program of heat-flow studies begun in 1965 explored the San Andreas and related faults (see Figure 1) . Drilling sites were chosen in several regions having different types of seismic activity and geologic tcrrane. Although selection of sites on this basis reduced the density of heat-flow measurements, the investigation of several regions along the fault permitted comparison of independent sets of data.
Geologic and topographic irregularities near active faults greatly complicate the analysis of geothermal data. Generally the topography is rugged, and rocks of dissimilar lithologies are juxtaposed. Hot springs are common in seismically active areas [Stearns et al., 1937] , and the local rock is usually fractured and decomposed even at depth. Areas of crystalline outcrop were sought for drill sites, preferably occurring on both sides of the fault to minimize the effect of refraction of heat; the sites were chosen on the basis of existing geologic maps [see, e.g., Sharp, 1967; Dibblee, 1961; Wiese, 1950] . It was found that holes drilled in the fractured and decomposed rock within i km of the fault yielded uniform gradients and satisfactory heat-flow results. Problems encountered at the sites were associated primarily with the drilling operations.
The problem of investigating heat flow in relation to a major fault is somewhat ambiguous. First, observations suggest that at the surface motions have occurred throughout a zone that may be anywhere from a few hundred feet to more than a mile wide [Oakeshott, 1966] Localities were selected on the basis of seismic statistics and geologic studies defining fault zones that are now active. Owing to the thermal inertia of common crustal material, if, for example, we are to observe heat energy at the surface that has been generated along a fault at a depth of 10 km, we must wait for a time of the order of one million years; the same pulse would not reach a distance of 50 km for 20 million years. Thus we should not expect to see the effect of a recent event on the fault, and we require millions of years of continuing activity for steady-state heat-flow conditions to prevail. Initial development of the San Andreas fault system is generally believed to have been preTertiary [Oakeshott, 1966] although recent evidence from the magnetic anomaly patterns off the western United States suggests that this fault system may not have developed until midor even late-Tertiary time [Atwater, 1970; McKenzie and Morgan, 1969] . If motion along the San Andreas fault has been relatively uniform throughout Tertiary time, we can assume that steady-state conditions prevail in the vicinity of the fault. However, it is important to realize that we would not expect the same heat flows near a fault active for only the last one million years.
The field work and laboratory measurements for this study were carried out by the senior author during the period 1965-1967. Results reported in this work are complete and supersede those reported earlier by Wasserburg et al. [1966] , Henyey et al. [1967] , and Henyey [1968] .
DRILLING AND I-IOLE PREPARATION
All holes were cored using a diamond drill. Hole sizes were either BX (•5-cm hole and 3.8-cm core) or NX (•7.5-cm hole and 5-cm core), depending on the drilling circumstances. Total hole depths were in all cases greater than 200 meters, which was judged to be the minimum depth generally needed to obtain a reliable heatflow measurement. On completion of drilling, the hole was cased with 3.1-cm iron pipe if there was any chance of caving. No holes were lost HENYEY AND WASSERBURG during the course of drilling, and all holes, including those nearest the fault zone, yielded useful data. In spite of the fact that the holes were drilled in areas adjacent to large, active faults, temperature disturbances due to circulating water were only encountered in those holes that intersected fracture zones in otherwise fresh rock, rather than in holes drilled in weathered and partially decomposed rock where the fractures were filled with silt and clay. Specific sites were chosen primarily on the basis of the existence of crystalline rock exposed adjacent to the fault and of subdued local topography (see Figure 2 ). Measurements were made soon after completion of the hole and at periods of time up to two years later to establish both temperature equilibrium and the reliability of the measurement obtained. This was particularly important for holes that encountered fracture zones, causing water loss during drilling, and thus yielding irregular initial temperature profiles. In all cases, fine-scale irregularities in the temperatures disappeared over the time period that the holes were monitored. Results of time-equilibration studies for one of the measured holes are given later.
All reported gradients were taken from temperatures measured below the local groundwater table, which ensured rapid equilibration of the temperature sensor with the environment. The reported temperatures were measured at least one year after drilling ceased. The detailed drilling characteristics and temperature studies for all holes reported here may be found in Henyey [1968] .
TEMPERATURE •ND THERMAL CONDUCTIVITY •¾•E•SUREMENTS
Temperatures were measured in the drill holes at discrete intervals (usually every 10 meters) with thermistors encased in a waterproof stainless-steel housing, in conjunction with a Wheatstone bridge compensated for lead-wire resistance [see Roy et al., 1968] . The probes were designed to function without loss of precision or physical integrity in the temperature range 0 ø to 70øC.
The thermistor probes were calibrated at 10øC intervals from 0 ø to 60øC in our laboratory 
The total absolute accuracy of calibration is believed to be good to •-0.05øC, which, after smoothing by use of (1) where • is the measured resistivity of the ith sample of a total of n samples measured from a given hole. The mean gradient was determined by using the least-squares technique to fit a straight line to the temperature-depth points.
Hereafter this will be referred to as the best-fit gradient for a given hole. In addition to best-fit gradients, interval gradients, normally based on 10-meter intervals, are shown for all holes in Figures 3 and 4. These gradients represent the differences in measured temperatures divided by the depth interval between the two measuring points. Hereafter these will be referred to as the interval gradients. Interval methods of heat-flow computation [see Roy, 1963] were not used, since, in general, conductivity-gradient correlations did not exist; all holes were drilled in crystalline rock that, except for occasional dikes and fracture zones, was homogeneous on a scale greater than two meters.
The heat flows were calculated both from the temperature-depth points corrected for steadystate topography Q* and from the uncorrected data Q (see Table 2 ). The steady-state topographic correction follows the theory given by Birch [1950] . Slight modification of the final equation [Birch, 1950, AN-1, AN-2, and AN-3 were drilled 4, 13, and 1 kin, respectively, west of the San Jacinto fault. Figure 2 shows the hole locations and distribution of major rock types. As may be seen, crystMline rocks occur on both sides of the fault; it is inferred that this means a symmetry in the thermal characteristics, so that lateral heat transport should not play a dominant role. The region is covered with numerous minor faults, and several hot springs occur in the area. No holes were drilled near hot springs, since it is not possible to evaluate the effects of heat transport due to such mechanisms. We have assumed that when the temperature and conductivity versus depth curves are well behaved, the heat flows determined are correct and are not the result of perturbing effects. Because of the homogeneity of the tonalitc, the conductivities fall within a rather narrow range of about q-10% about the mean.
The C.E., collar elevation; D.R., depth range used in heat-flow determination; G, uncorrected best-fit gradient; S.E.G., standard error of gradient; Q, uncorrected heat flow; Q*, heat flow corrected for steadystate topography; S.E.Q*, standard error of heat flow; R, mean resistivity; S.E.R., standard error of resistivity; N, number of conductivity determinations; d, distance of drill hole from nearest major strike-slip fault. [Dibblee, 1964] . The original core could not be located, and consequently the hole was deepened by 100 meters to obtain material for conductivity determinations. Q and Q* were thus calculated from the mean harmonic conductivity and best-fit gradient of the bottom 100 meters. It will be noted (Figure 4 ) that a distinct break in gradient occurs at 360 meters, suggesting a change in conductivity at this depth. In order to investigate this possibility, a 15-meter surface-core sample was taken a short distance from the original hole and was found to have a higher conductivity than the rock at depth. Thus the conductivity-gradient correlation was established. -10 (approximately 1 km apart) give the same Q* of 1.6 within the limits of error (Table 2) LH-1 could not be drilled deeper than 220 meters without substantially increasing the cost, owing to the highly fractured and decomposed nature of the rock. However, it can be seen from the temperatures in Table 1 and the 10-meter interval gradients in Figure 3 that the temperature profile below 120 meters is regular and almost certainly undisturbed. Again, the curvature above 120 meters is attributed to surface temperature effects. Although perhaps two-thirds of the core was too badly damaged to obtain conductivity samples, the remainder retained enough physical integrity to permit an ample number and distribution of measurements. The small terrain correction and limits of error (Table  2) From Figure 3 it can be seen that the temperature profile for LH-3 is extremely irregular. The 10-meter interval gradients range from less than 20øC/km to more than zi0øC/km and are not correlated with a corresponding variability in conductivity. A large fracture zone was encountered between 240 and 270 meters and is apparently responsible for a significant amount of water circulation, primarily in the lower portions of the hole. It was felt, however, that a satisfactory heat-flow determination could be made using the portion of the hole between 150 and 250 meters, together with the bottom hole point where the temperatures appeared to have both long-and short-term stability. Circulating water in a drill hole should only tend to produce an isothermal condition, and hence the resulting heat flow would tend to be a lower bound. In addition to the uncertainty in gradient, the large topographic correction of about 12% (Table  2) Table 2 ), and we can reasonably expect lateral heat transfer near the fault. In the appendix we consider this refraction in terms of a simplified model. [1967] 30 km to the west. Accepting these data at face value, it would appear that there is a high heat flow in the vicinity of the fault.
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DISCUSSION
It was the intent of this investigation to determine whether or not heat generated by friction along a strike-slip fault, such as the San Andreas, was observable in the form of a heatflow anomaly in the vicinity of the fault trace. Knowledge of the magnitude of frictional heat generation would be helpful in the analysis of frictional stresses, fault geometry, and long-term rates of motion along the fault.
It is not obvious whether a detectable anomaly should exist near the fault. Energy is released in the neighborhood of a fault primarily in the form of radiated seismic waves and locally generated heat. The energy converted to heat is a function of the local nature of stresses and rates of strain in the fault region, which are not known in detail for any major fault from direct observation. The rate of production of heat calculated from the existing fault data is very model-dependent and is essentially unknown. On the other hand, the amount of energy radiated as seismic waves can be calculated from energy-magnitude relationships [Gutenberg and Richter, 1956 ] and the frequency of occurrence of earthquakes.
The relationship between the relative amounts of energy radiated as seismic waves and the heat energy dissipated locally, which would permit a direct comparison of seismic and heat energies, is not known, and attempts to relate the two have so far provided only speculative results [King and Knopoff, 1968] .
A simple approach to estimating the amount of heat produced is to assume that the amount of energy converted to heat in the neighborhood of the fault is equal to the average amount of energy radiated as elastic waves. The assumption of equipartition of seismic and heat energies (on the average) is in no way self-evident. Large earthquakes dominate the seismic-energy release over long periods of time, and it has been suggested by King and Knopoff [1968] that for large-magnitude events a greater fraction of the stored strain energy that is released goes into seismic waves than is the case for smaller events. It might be argued that the fault should be represented by a strip source of the type given by equation 4b, rather than by a volume source. However, a discussion of the anomaly maximum becomes ambiguous if sources are permitted to approach the surface x = 0. In the limiting case of any portion of the heat produced at the surface, the peak would be infinitely high. The flanks of the 1-kin-wide volume source, i.e., at distances greater than, say, 0.5 km from the center of the fault zone, behave like the strip source, and we argue that this is a logical presentation of the problem.
Figures 6 and 7 also show, for the fault geometries just discussed, the anomalies expected for linear-with-depth source distributions. This type of source distribution can be assumed to result if fault friction is a function of hydrostatic pressure down to a characteristic depth of the order of 20 kin. Heat that is produced below this depth will appear in the form of a broad anomaly, the shape of which cannot be described with the present restricted distribution of hole locations. Figure 6 shows that if we distribute linearly with depth the same quantity of sources considered for the uniform distribution in a 1-kin-wide fault zone, the anomaly maximum is reduced by a factor of 2. For wider fault zones ( Figure 7 ) the effect is less marked. In summary, it can be concluded that, within reasonable limits, although an anomaly is significantly enhanced by a narrow source distribution, for a fault zone of a given depth the distribution of sources within the zone does not appreciably change the peak magnitude of the anomaly. Rex's [1966] data. Until such time as a more complete profile is obtained, particularly including holes to the east of the San Jacinto fault in this region, this interpretation must be regarded as only speculative. A similar transition has been noted by Roy et al. [1968] for the transition between the Sierra Nevada and Basin and Range provinces.
It should be emphasized that the apparent lack of a well-defined heat-flow anomaly near large strike-slip faults does not preclude the possibility that such anomalies are now generating significant amounts of heat. First, the high density of such faults in California, especially south of the Tehachapi Mountains, may contribute to a regional high in the heat flow that cannot be easily distinguished from contributions due to other sources; that is, we are not able to identify 'base levels' of heat flow with respect to heat generation along faults. Second, thermal equilibrium may not have been Thus a 20% change in conductivity produces an apparent 17% difference in heat flow at locations 1 km on either side of the discontinuity, an 11% difference at 3 km, and at 10 km, i.e., ,•d, the effect is down to about 1.5%.
